To provide information on virulence expression of Escherichia coli in healthy hosts, stool, periurethral, and urine samples were collected weekly from healthy 3-6-year-old girls who lived in a small rural community. Dominant and nondominant clones were defined in stool specimens, and the expression of virulence factors was determined. We found that healthy girls commonly shared dominant clones. P adhesin, hemolysin, and type I adhesin were commonly found in clones in the stool and in clones in the urinary tract. In addition, expression of virulence factors, among both dominant and nondominant clones in the stool, changed from week to week. The presence of P adhesin was a marker for the persistence of a dominant clone in the stool and was associated with an increased likelihood that a nondominant clone would be detected in the urinary tract. Type I adhesin was ubiquitous among stool strains, with orientation of the fimbrial switch being both in the "off" position and in both the "on" and "off" positions. In summary, the intestinal flora of healthy girls is complex, with frequent changes in virulence expression.
movement of E. coli from the stool to the urinary tract in females with no history of UTI.
In a previous study, intestinal carriage of E. coli in 13 toilet-trained girls, 3-6 years old, who had no history of UTI was examined by weekly collection of stool, periurethral, and urine samples during 3-4 weeks [6] . Multiple clones of E. coli, which changed week to week, were found in the stool of these girls, who were monitored longitudinally. Both dominant and nondominant clones in the stool were observed to colonize the urinary tract. Because the primary focus of this earlier study was clonal variation of E. coli within a single girl, no attempt was made to compare clones between girls.
In the present study, we wanted to look at the sharing of clones among these 13 healthy girls, who were neighbors in a small rural community and who often shared living quarters; 5 of these 13 girls were either sisters or cousins. To accomplish our aim, electromorphs from each girl were compared to electromorphs from all the girls. Electromorphs were then reclassified to reflect clonal types within the study population. In addition, dominant and nondominant clones in the stool and in the urinary tract were examined for the presence of P adhesin, hemolysin, and type I adhesin.
We determined both the frequency of virulence expression in healthy girls during the 3-4 weeks of the study and whether expression of a virulence factor in a clone in the stool was associated with an increased likelihood that the same clone would be detected in the urinary tract.
SUBJECTS, MATERIALS, AND METHODS
Isolates of E. coli tested. We longitudinally collected stool, periurethral, and urine samples from 13 toilet-trained girls, 3-6 years old, who had no history of either UTI or antibiotic use during the preceding month. Informed consent was obtained from each girl's parent or guardian, and human-experimentation guidelines of the US Department of Health and Human Services and of the University of Virginia Human Investigation Committee were followed in the conduct of the clinical research. The girls lived in a small rural community and often shared meals and living quarters. Each week, for 3-4 consecutive weeks, each girl was visited at home, where a periurethral sample, a urine sample, and a stool sample were collected, as described elsewhere [6] . For each stool specimen, 28 isolates were randomly selected from each of the 4 quadrants of the original plate. On the basis of the number of randomly selected colonies, we estimated that there would be a 190% chance that a minor, or nondominant, clone (i.e., a clone representing only 10% of the population of E. coli) would be detected in any given stool sample, on the basis of the binomial formula 1 Ϫ , where p is the frequency of the minor clone (i.e.,
) and where n is the number of isolates selected. In P p .10 some cases, !28 colonies were observed on a plate, so all suitable colonies were isolated. For each periurethral and urine specimen, 5-28 isolates were selected [6] .
A total of 1702 isolates of E. coli (average, 135 isolates/girl [range, 84-216 isolates/girl]) were saved for testing in 50% glycerol in trypticase soy broth at Ϫ70ЊC. The degree of genetic relatedness among isolates was assessed by enzyme polymorphism determined on the basis of enzyme electrophoresis. Electromorphs (mobility variants) of each enzyme were equated with alleles at the corresponding chromosomal genetic locus [7] . A distinctive combination of alleles, marking isolates with distinct multilocus genotypes, was considered to constitute a clonal type, or electrophoretic type (ET). Isolates of the same ET were considered to be from the same naturally occurring clone. The 1702 isolates were classified into 59 clone types or ETs (range, 1-16 isolates/clone) [8, 9] . As described elsewhere [6] , a dominant ET was defined as a clone, in the stool, that represented 150% of typed isolates in a sample; a nondominant ET was defined as a clone, in the stool, that represented !10% of typed isolates in a sample.
In the present study, electromorphs from each girl were compared to electromorphs from all the other girls. An electromorph found in 1 girl that was identical to an electromorph found in another girl(s) could then be considered to be the same ET. ETs were then classified to reflect sharing of clones within the study population [8, 9] .
Expression of virulence factors. Because the patterns of expression of hemolysin production, papG genotype, and type I-adhesin phenotype have been shown to be highly concordant among isolates of the same ET [10] , representative isolates of each clone were examined for these virulence factors. When a clone was carried by у2 of the girls, isolates for testing were selected from each girl. Identity-coded E. coli isolates were tested at the University of Washington by an observer who had no knowledge of the clonal-typing results. Assays of virulence factors were performed on isolates subcultured from frozen stock and thus were subject to phase variation.
Hemolysin production: Hemolysin production by each isolate was determined by inoculation of that isolate onto 5% sheepblood agar. Isolates exhibiting clearing around or beneath bacterial colonies after 18 h of incubation were considered to be positive for hemolysin [11] .
P-adhesin testing: P-adhesin genotyping was performed by a multiply primed polymerase chain reaction (PCR) method that detects and distinguishes papG classes I-III of E. coli [12] . Wildtype P-fimbriated strains J96 (classes I and III) and R45 (class II) were used as the positive controls, and E. coli HB101 was used as the negative control [12] .
Type I-adhesin phenotypic testing: Type I-adhesin phenotypic expression was indicated by mannose-sensitive agglutination of fresh guinea-pig erythrocytes. For testing, each isolate was subcultured from frozen stock to trypticase soy agar and then was grown in Luria broth (stationary, at 37ЊC) for 48-72 h. Each isolate was tested 6 times, in sequential passages, before it was considered to be negative for type I adhesin [13] .
Type I-adhesin PCR assay: PCR amplification and restrictionenzyme digestion were performed to determine the orientation (either "on" or "off" or "on" and "off") of the invertible promoter element of type I adhesin, as described elsewhere [14, 15] . In this assay, all isolates were handled in the same manner, being subcultured from frozen stock to Luria agar and then being subcultured (shaking, overnight at 37ЊC) to Luria broth.
RESULTS

Shared clones.
The 1702 isolates from the stool and the urinary tract of the 13 girls were classified into 59 distinct clones. A total of 12 (20%) of these 59 clones were recovered from у2 of the girls; 11 of the 13 girls shared у1 of the clones with у1 of the other girls (table 1). Among 5 related girls, 4 (patients 5 and 6 in one family and patients 4 and 10 in another family) shared 2 clones (ETs 3 and 6) with у1 of the other individuals in the community. Among 10 unrelated girls, 9 (table  2) . In the stool, shared clones were more commonly dominant than were unshared clones. As clones were often detected more than once, the attribute of dominance was also compared between the total number of times a shared clone was detected and the total number of times an unshared clone was detected. When the 12 shared clones were detected, 38% of the time (22 times dominant/58 total times detected) they were dominant; when the 47 unshared clones were detected, 18% of the time (17 times dominant/92 total times detected) they were dominant (22/ , by Fisher's exact P p .012 test, two tailed).
Expression of virulence factors in clones in the stool. Both dominant and nondominant clones detected in the stool of healthy girls expressed virulence factors. It is noteworthy that, during this longitudinal study, half of the dominant clones in the stool were detected repeatedly during the weeks of sampling, compared with only 18% of the nondominant clones. Table 3 shows both the number of times that a clone(s) in the stool was detected during the 3-4 weeks of sampling and the proportion of clones that expressed virulence factors. In summary, healthy girls carried dominant clones in their stool that, on average, were positive for P adhesin 43% of the time, positive for hemolysin 30% of the time, and positive for type I adhesin 92% of the time (table 3) and carried nondominant clones in their stool that, on average, were positive for P adhesin 17% of the time, positive for hemolysin 19% of the time, and positive for type I adhesin 74% of the time.
During these weeks of sampling, dominant clones were more commonly positive for P adhesin (16/37; 95% confidence interval [95% CI], 28.7-59.1) than were nondominant clones (9/54; 95% CI, 8.8-28.9) (
). In addition, the presence of P adhesin P p .008 was more common among dominant clones detected repeatedly than among dominant clones detected only once. Type I adhesin was expressed by the majority of dominant (34/37; 95% CI, 78.1-98.3) and nondominant (40/54; 95% CI, 60.3-85.0) clones in the stool ( ). Expression of hemolysin was similar among P p .053 dominant (11/37; 95% CI, 15.9-46.9) and nondominant (10/54; 95% CI, 9.25-31.4) clones ( ). P p .3 Expression of virulence factors in clones in the urinary tract. Clones in the urinary tract were usually detected once either on the periurethra or in the urine. On average, 32% of clones detected on the periurethra were positive for both P adhesin and hemolysin, and 82% of them expressed type I adhesin. Clones in the urine were positive for P adhesin 43% of the time, positive for hemolysin 30% of the time, and positive for type I adhesin 87% of the time.
Orientation of the type I-adhesin invertible element in clones in the stool, on the periurethra, and in the urine. Isolates of representative clones in the stool and in the urinary tract were analyzed for orientation of the invertible element of the fimbrial switch (table 3) . Although the majority of clones were in the "off" position during 3 weeks of study, 20%-40% of clones detected either in the stool or on the periurethra had their switches in both the "on" and the "off" positions; in contrast, 1 clone detected in the urine had its switch in both the "on" and the "off" positions.
Expression of virulence factors in clones in the stool that also were detected on the periurethra and in the urine. We determined whether expression of virulence in a clone in the stool Table 3 . Escherichia coli clones in the stool, on the periurethra, and in the urine, during 3 weeks-and proportion of clones expressing virulence factors. was associated with an increased likelihood that the same clone would be detected in the urinary tract (table 4). In 9 of the 13 girls, E. coli was detected on the periurethra at least once; in 13 urine cultures from 8 girls, E. coli was detected at a titer of у10 3 cfu/mL of urine. All girls were asymptomatic and did not receive antibiotics [6] . We calculated the number of times that a clone, with or without a virulence factor(s), was present in the stool and whether, during either the same week or the subsequent week, that same clone was detected in the urinary tract. During the study, there were 37 times when a dominant clone was detected in the stool (table 4) . When a dominant clone positive for P adhesin was present in the stool, 31% of the time (5/16; 95% CI, 11-58.7) the same clone was detected on the periurethra; when a dominant clone negative for P adhesin was present in the stool, 24% of the time (5/21; 95% CI, 10.2-45.5) the same clone was detected on the periurethra ( ). When P p .7 a dominant clone positive for P adhesin was present in the stool, 44% of the time (7/16; 95% CI, 23.0-66.9) the same clone was detected in the urine; when a dominant clone negative for P adhesin was present in the stool, 24% of the time (5/21; 95% CI, 10.2-45.5) the same clone was detected in the urine ( ). P p .29 During the study, there were 54 times when a nondominant clone was detected in the stool (table 4) . When a nondominant clone positive for P adhesin was present in the stool, 44% of the time (4/9; 95% CI, 18.8-73.4) the same clone was detected in the urinary tract; when a nondominant clone negative for P adhesin was present in the stool, 13% of the time (6/45; 95% CI, 5.9-26.6) the same clone was detected in the urinary tract ( ). In summary, the presence of P adhesin was not P p .05 Downloaded from https://academic.oup.com/jid/article-abstract/188/7/1059/819185 by guest on 18 February 2019 associated with whether a dominant clone in the stool was also detected in the urinary tract; in contrast, however, it was associated with an increased likelihood that a nondominant clone in the stool would also be detected in the urinary tract. The expression of either hemolysin or type I adhesin in a clone in the stool was not associated with an increased likelihood that the same clone would be detected either on the periurethra or in the urine.
DISCUSSION
The sequence of events leading to an ascending UTI is thought to begin when an organism from the intestinal flora colonizes the periurethra and then ascends to the bladder [2] . Bacterial virulence factors are thought to play a key role in the pathogenesis of UTI and are frequently found in E. coli isolated from females with UTI [1] ; however, the role that virulence factors play in the healthy host has not been adequately described. We collected weekly stool, periurethral, and urine samples from healthy girls who lived in a small rural community. Dominant and nondominant clones were defined, and expression of virulence factors was determined. We found that healthy girls commonly shared dominant clones [16] . P adhesin, hemolysin, and type I adhesin were expressed by both dominant and nondominant clones.
An E. coli virulence factor has traditionally been defined by its higher frequency among urine strains in patients with UTI than among fecal strains in healthy hosts [1] . Examination of virulence expression in fecal strains in healthy hosts is usually done by testing a dominant strain at one point in time [3, 4, 17, 18] . We examined virulence expression in dominant and nondominant E. coli strains in healthy girls followed longitudinally. We found that, over time, 40% of dominant and 17% of nondominant clones in the stool were positive for P adhesin, that 30% of dominant and 20% of nondominant clones expressed hemolysin, and that 90% of dominant and 70% of nondominant clones expressed type I adhesin.
The frequency of virulence expression among healthy girls may, in fact, be an underestimate of expression in this population. Johnson et al. [19] found that PCR of mixed (dominant and nondominant) stool strains was more sensitive in the detection of expression of virulence factors than was analysis of only the dominant strain from the same sample. In their study of healthy adults, 6 intestinal samples had virulence genes detected in mixed samples but not detected in the corresponding dominant strain. Johnson et al. concluded that virulence expression may be more common among healthy hosts, since previous data had been derived largely from the dominant strain. In the present study, during 1 week the dominant clone was negative for virulence expression but a nondominant clone from the same sample was positive for virulence expression; the following week the dominant clone was positive for virulence expression. Studies examining the frequency of virulence expression at one point in time may be missing the true picture of the host's intestinal environment.
We found that virulence factors contributed to the colonization pattern of the intestinal flora; for example, P adhesin was a marker for the persistence of a dominant clone in the stool of healthy girls. Our findings extend the work of Nowrouzian et al. [20] and Tullus et al. [21] , who found that the presence of P adhesin was a marker for the persistence of the dominant clone in the stool of healthy newborns. In similar work, Wold et al. [22] found that P adhesin extended colonization of dominant stool strains in girls with asymptomatic bacteriuria. Type I adhesin was ubiquitous among dominant and nondominant clones in the stool strains of healthy girls. Orientation of the invertible element varied, from the "off" position to both the "on" and the "off" positions. The data on switch orientation in this population must be interpreted with care, because we did not perform in situ hybridization on site on fresh samples at the time when they were collected from the girls. All frozen isolates were tested, in the same manner, for switch orientation, and it is of interest that these isolates revealed differences in orientation. These differences between the orientation of isolates from the stool and that of isolates from the urinary tract may reflect their in vivo environment [14] . Previous investigators have concluded that the intestine is a primary niche for type I piliated E. coli [23, 24] . The ability of an E. coli population to maintain heterogeneity between the fimbriated and nonfimbriated state may enhance survival of the organism in the intestine and may permit colonization of different niches, such as the periurethra or the bladder [14, 15] .
It is unclear what factors contribute to a UTI after a host acquires an E. coli expressing virulence in the stool [25] . In healthy girls, although the presence of P adhesin was a marker for the persistence of a dominant clone in the stool, it was not associated with an increased likelihood that the clone would be found in the urinary tract; in contrast, however, it was associated with an increased likelihood that a nondominant clone would be found in the urinary tract. These observations provide evidence that the intestine of the healthy host is a complex environment, with frequent changes in both composition and virulence expression.
